Nuclear receptors translate hormonal, metabolic and nutritional signals into alterations in gene expression. Nuclear receptors consist of a DNA-binding domain (DBD) and a ligand-binding domain (LBD) (FIG. 1a) . They activate or repress gene expression by binding to regulatory regions of target genes and act in concert with co-activators and co-repressors 1 . Many nuclear receptors induce the transcription of target genes followin g ligand binding, as this results in a conformational change to the receptor that causes the release of co-repressors. Ligands include common metabolites such as fatty acids, oxy sterols and bile acids. Thus, nuclear receptors respond to changes in the metabolic environment by inducing targe t gene expression. It is this integration of environmental stimuli with specific transcriptional responses that makes nuclear receptors crucial to whole-body physiology. A number of nuclear receptors were initially cate gorized as 'orphan' receptors because their natural ligands were unknown. Over the past 15 years, new ligands have been matched with their orphan parents, which has led to the discovery of new homeostatic pathways. Several receptors have turned out to be metabo lite receptors that regulate gene expression in response to diverse molecules such as fatty acids, oxysterol s, bile acids, haem and xenobiotics [2] [3] [4] . Perturbations in lipid and glucose metabolism are linked to some of the most prevalent diseases of Western society, including type 2 diabetes, obesity and cardiovascular disease. Given that several different nuclear receptors modulate each of these pathways, it is important to gain a complete understanding of these receptors in the setting of both health and disease. As ligandactivate d transcription factors, nuclear receptors are potentially attractive pharmaceutical targets.
Very low-density lipoprotein (VLDL) . Lipoprotein that enables fats and cholesterol to move in the bloodstream. It is the primary carrier of hepatic triglyceride to the periphery. It is composed of triglycerides, apolipoproteins and cholesterol. VLDL is formed in the liver and transported to the periphery; known as 'very bad' cholesterol. with co-repressors such as silencing mediator for retinoic acid and thyroid hormone receptor (SMRT) and nuclear receptor co-repressor (NCoR) (FIG. 1b) . Following ligand binding, co-repressors are released and co-activators are recruited, resulting in gene transcription. The LXRE contains the sequence AGGTCA in replicate separated by four nucleotides (DR4), although variations of this sequence have been reported in the promoters of bona fide targets. LXRs have also been shown to repress gene expression, particularly the expression of inflammatory genes in macrophages 10 . This Review focuses on the function of LXRs as transcriptional activators (TABLE 1) . Their role as transcriptional repressors has been reviewed elsewhere 5, 6 . LXR and reverse cholesterol transport. The phenotypes of mice lacking both LXRα and LXRβ are relatively mild when they are maintained on a standard chow diet containing minimal cholesterol. However, a number of pathologies develop with age, including the accumulation of cholesterol in tissue macrophages and autoimmunity. Furthermore, LXR-deficient mice show profound phenotypes when they are challenged with a high-cholesterol diet or with additional genetic modifications that compromise lipoprotein homeostasis.
Intermediate-density liporotein (IDL)
Analysis of these mice and characterization of LXR targe t genes have outlined crucial roles for LXRs in cholestero l homeostasis (BOX 1; TABLE 1).
One of the best-characterized effects of LXR is to promote reverse cholesterol transport (RCT), the process of cholesterol delivery from the periphery to the liver for excretion (FIG. 2) . The first step in RCT is the transfer of cholesterol to lipid-poor molecules in the plasma such as apolipoprotein AI (APOAI) and pre-β high-densit y lipoprotei n (HDL) via ATP-binding cassette transporter A1 (ABCA1) and other transporters. Mutation of ABCA1 in humans causes a condition known as Tangier disease, underscoring the importance of ABCA1 in RCT [11] [12] [13] . Individuals suffering from this condition have markedly increased cholesterol deposition in peripheral tissues, virtually absent plasma HDL levels and die from vascular disease at an early age. ABCA1 was one of the earliest identified LXR target genes and is one of the most highly regulated LXR targets 14 . LXR agonists robustly induce ABCA1 expression in an LXR-dependent manner not only in macrophages but also in many tissues of the periphery such as the intestine 15 . ABCA1 is required for the ability of LXR agonists to stimulate cholesterol efflux to APOAI acceptors 14 .
Coordinate with their control of ABCA1, LXRs also regulate other target genes whose products cooperate with ABCA1 to accomplish cholesterol efflux. A particularly important target is the transporter ABCG1 (REF. 16 ) (FIG. 2) . Although ABCG1 was originally postulated to be located at the plasma membrane along with ABCA1, recent studies indicate that ABCG1 functions primarily as an intracellular transporter 17 . ABCG1 promotes cholesterol efflux to HDL, and it is likely that ABCA1 and ABCG1 act in concert to promote cholesterol removal in physiological contexts via HDL 18, 19 . However, the molecular mechanisms by which ABCG1 and ABCA1 promote cholesterol transport across intracellular or plasma membranes remain poorly understood. LXR-dependent induction of the intracellular trafficking protein ADPribosylation factor-like 7 (ARL7; also known as ARL4C) has also been proposed to facilitate cholesterol delivery to the plasma membrane for efflux 20 
(FIG. 2).
LXRs induce expression of a cluster of apolipo protein genes (APOE, APOC1, APOC2 and APOC4) via activation of a multienhancer region 21, 22 . These secreted apolipoproteins regulate lipid transport and catabolism. Single-nucleotide polymorphisms (SNPs) within this gene cluster have been associated with altered lipid profiles and risk of coronary heart disease 23 . Apoe -/-mice exhibit a marked elevation in very low-density lipoprotein (VLDL) and intermediate-density lipoprotein (IDL) particles and are one of the most common atherosclerosis models 24 .
In addition to controlling expression of lipid transport proteins, LXRs induce lipid remodelling genes including phospholipid transfer protein (PLTP) 25 , human cholesterol ester transfer protein (CETP) 26 and lipoprotein lipase (LPL) 27 , which hydrolyses triglycerides (FIG. 2) . The coordinate regulation of all of these genes by LXR agonists is believed to facilitate efficient RCT from the periphery to the liver. forms an obligate heterodimer with retinoid X receptor (RXR) that binds to a DR4 (direct repeat spaced by four nucleotides) LXRE (LXR response element) in the regulatory regions of target genes, thereby repressing gene expression. Following ligand binding to LXR or RXR, the heterodimer changes conformation, which leads to the release of co-repressors and the recruitment of co-activators. This results in the transcription of target genes. Similarly, farnesoid X receptor (FXR) forms a heterodimer with RXR and binds to the FXR response element (FXRE), which is typically an inverse repeat spaced by one nucleotide (IR1), in its target genes to induce gene expression. AF domain, activation function domain; C-terminal, carboxy-terminal; N-terminal, amino-terminal.
Phospholipid transfer protein
(PLTP). Transfers phospholipids and cholesterol to high-density lipoproteins from very low-density lipoproteins and chylomicrons.
Cholesterol ester transfer protein
(CETP). A circulating protein secreted from the liver. CETP mediates the transfer of triglycerides from low-density lipoprotein and very low-density lipoprotein to high-density lipoprotein in exchange for cholesterol esters.
LXRs in hepatic metabolism. Cholesterol cannot be catabolized by animal cells and therefore must be removed from the body by excretion as described above or by conversion to bile acids. Cytochrome P450 7A1 (CYP7A1) is the rate-limiting enzyme for the conversion of cholesterol to bile acids
), and CYP7A1 was the first LXR target gene identified 28 . Mice lacking LXRα develop marked accumulation of cholesterol in the liver when fed a high-cholesterol diet 28 . Interestingly, CYP7A1 is not an LXR target in humans but is regulated secondarily via the activation of FXR and small heterodimer partne r (SHP; also known as NR0B2).
In addition to modulating cholesterol metabolism, another major function of LXR in the liver is the promotion of de novo lipogenesis -the biosynthesis of fatty acids. LXR stimulates lipogenesis through the induction of sterol-regulatory element-binding protein 1C (SREBP1C), acetyl CoA carboxylase (ACC), steroyl CoA desaturase 1 (SCD1) and fatty acid synthase (FAS) expression [28] [29] [30] (FIG. 2) . Excess free cholesterol is toxic; therefore, when cholesterol levels are high, the promotion of fatty acid synthesis has a role in cholesterol homeostasis, with fatty acids being used as substrates for cholesterol esterification
, as cholesterol ester is less toxic than free cholesterol. Mice treated with a synthetic LXR agonist demonstrate marked hypertriglyceridaemia, a condition mainly attributed to LXRα expression in hepatocytes 28 . Indeed, high triglyceride levels have been one of the key limitations in the success of LXR agonists as pharmacologic therapy. LXRβ-specific agonists would be anticipated to lack this side effect, but the identification of such compounds with favourable pharmacological properties has thus far proved difficult.
LXRs, cholesterol absorption and excretion. It has been increasingly appreciated that intestinal absorption plays an important part in the regulation of cholesterol level s within the body. LXRs modulate this pathway via the induction of the transporters ABCG5 and ABCG8 (REF. 31) (FIG. 2) , which heterodimerize into a complex that mediates the apical efflux of cholesterol from enterocytes (which are intestinal absorptive cells). Loss-of-function mutations in ABCG5 or ABCG8 are responsible for sitosterolaemia, a disease characterized by hypercholesterolaemia, heightened intestinal absorption and reduced biliary excretion of dietary sterols 32 . Treatment of mice with an LXR agonist results in increased faecal sterol excretion and increased expression of ABCG5 and ABCG8 in the intestine 33 , effects that are not observed in LXR-deficient mice.
Intestinal secretion of cholesterol via enterocytes has been reported to contribute towards cholesterol removal and is stimulated by bile acids and phospholipids 34 . Cholesterol secretion is increased twofold following LXR activation and is dependent on ABCG5 expression 35 . The expression of Niemann-Pick C1-like 1 (NPC1L1), a protein that is crucial for intestinal cholesterol absorption, has been shown to be attenuated by LXR activation 36 . However, as LXR is not a liganddependent direct repressor, the decrease in NPC1L1 expression is likely to be indirect, and the mediators remain to be clarified.
LXRs and cholesterol uptake. Collectively, work from several laboratories suggests that the LXR and SREBP transcriptional pathways work in a coordinated and reciprocal fashion to maintain cellular and systemic cholesterol homeostasis. SREBPs are activated in response to low cellular cholesterol levels, whereas LXRs are activated by elevated cholesterol levels. A major target of the SREBP2 pathway is the low-density lipoprotein (LDL) receptor (LDLR) that mediates clearance of LDL particles from the circulation. LDL uptake is most prominent in the liver but occurs to some extent in most cells, including macrophages (FIG. 2) . We recently demonstrated that LXR negatively regulates the LDLR pathway, providing a second mechanism for feedback regulation of cholesterol uptake by sterols. LXR controls 
Fatty acid β-oxidation
An enzymatic pathway for metabolizing fatty acids to generate energy.
the transcription of inducible degrader of LDLR (IDOL), an E3 ligase that targets LDLR for ubiquitylatio n and lysosomal degradation 37 (FIG. 2) . Thus, activation of LXR by sterols or synthetic agonists attenuates LDL uptake by cells. Subsequent studies have identified ubiquitinconjugating enzyme E2D (UBE2D) as the E2 ligase that cooperates with IDOL to degrade LDLR and have defined the unique recognition sequence, which is bound directly by the IDOL FERM domain to mediate target degradation 38, 39 . Interestingly, only LDLR and its family members VLDLR and APOER2 (also known as LRP8) contain this recognition sequence and thus these receptors are the only known targets for the LXR-IDOL degradation pathway 39, 40 . Together, these studies suggest that LXR can mediate effects in various metabolic tissues where IDOL target proteins are expressed, including adipos e tissue, heart, skeletal muscle and brain.
LXRs in glucose and fatty acid metabolism. Given the close relationship between lipid and glucose homeostasis, it is not surprising that LXR signalling has been found to affect glucose metabolism. Studies suggest that LXR expression and some LXR target genes can be upregulated by insulin 41, 42 , although it remains to be elucidated whether this regulation occurs via direct or indirect mechanisms. A provocative and controversial study has suggested that glucose itself may act as a ligand for LXRs; however, the physiological significance of this observation remains to be determined 43 . Interestingly, LXR-deficient mice are resistant to weight gain in the presence of cholesterol in the diet, exhibiting increased hepatic cholesterol content, reduced plasma triglyceride levels and improved glucose tolerance 44 . This phenotype was associated with the induction of oxidative genes in the liver and the induction of genes promoting energy utilization in adipose tissue and skeletal muscle. Thus, in the presence of excess hepatic cholesterol, LXR appears to promote both cholesterol removal from the liver and increased triclyceride storage in peripheral tissues, highlighting the interconnected, tissue-specific effects of LXR (FIG. 2) .
The function of LXRs in adipose tissue has been less well studied than in other metabolic tissues. Both LXRα and LXRβ are expressed at high levels in white adipose tissue (WAT) and brown adipose tissue (BAT). The balance of the evidence suggests that the LXR pathway does not affect adipocyte differentiation per se but is likely to be a modulator of adipocyte function 45, 46 . Gene expression analysis in adipose tissue has identified a number of LXR-responsive genes, including those involved in cholesterol, fatty acid and glucose metabolism 45, 47 (FIG. 2) .
LXR activation increases expression of the insulinstimulate d glucose transporter GLUT4 and promotes glucose uptake in WAT and BAT [48] [49] [50] [51] [52] . Moreover, GLUT4 is a direct LXR target in both humans and mice 52, 49 . Increased basal glucose uptake and glycogen synthesis, associated with increased GLUT1 expression, have also been observed in 3T3-L1 cells 50 . In adipocytes, LXR regulates the expression of lipid-binding proteins and metabolic proteins such as APOD and SPOT14 (also known as THRSP).
Activation of LXR has been reported to increase fatty acid β-oxidation and decrease glucose oxidation in WAT 53 . Other studies have shown increases in plasma free fatty acids and glycerol in vivo after treatment with T0901317, suggesting an effect on lipolysis 50 . On a highcarbohydrat e diet, LXRα and LXRβ-deficient mice exhibited a shift to larger adipocytes compared to wild-type mice and increased de novo lipogenesis in adipose tissue 54 . In addition, LXRα-and LXRβ-deficient mice also exhibited enhanced energy expenditure and increased uncoupling protein 1 (UCP1) expression in BAT 51 . Consistent with this finding, wild-type mice treated with GW3965 demonstrated attenuated energy expenditure and reduced UCP1 expression in BAT. Collectively, work to date suggests that LXRs affect carbohydrate and lipid metabolism in adipose tissue, promoting glucose uptake and enhancing lipolysis and β-oxidation.
LXRs and the pancreas. Early studies indicate that activation of the LXR pathways can directly modulate glucose metabolism via effects on islet cells of the pancreas. Indeed, studies in a pancreatic β-cell line (MIN6) and in isolated human islet cells demonstrated that LXR agonists increase both basal and stimulated insulin secretion 55, 56 . Consistent with the observation that LXRβ is the primary isotype expressed in β-cells, LXRβ-deficient but not LXRα-deficient mice demonstrated impaired glucose-stimulated insulin secretion in association with an attenuated expression of ABCA1, ABCG1 and SREBP1C and increased lipid drop accumulation in pancreati c β-cells 46, 55 .
Box 1 | Cholesterol metabolism
Cholesterol is essential to our survival, being crucial for membrane structure and fluidity, transport and neural signalling. Furthermore, cholesterol is a precursor to bile acids, steroid hormones and vitamin D. Cholesterol can be obtained from the diet in addition to being synthesized, primarily in the liver. The levels of cholesterol in individual cells and the body as a whole are tightly regulated by the coordinated actions of sterol-regulatory element-binding proteins (SREBPs) and liver X receptors (LXRs). When cholesterol levels are low, the SREBP pathway is activated, resulting in increased transcription of genes involved in endogenous cholesterol production and increased cholesterol uptake into cells such as low-density lipoprotein (LDL) receptor (LDLR). Cholesterol can be esterified by acetyl CoA cholesterol acytyl transferase (ACAT) to form cholesterol esters, which can then be stored and transported. Cholesterol and cholesterol esters are transported in the body as lipoproteins, including chylomicrons, very low-density lipoproteins (VLDLs) and LDLs, which can deposit cholesterol in peripheral tissues. Increased levels of cholesterol-rich LDLs are associated with increased risk of cardiovascular disease. LDL can deliver cholesterol to the vessel wall, eventually leading to the formation of atherosclerotic 'plaques', which may block blood vessels. Rupture of an atherosclerotic plaque may lead to complete vessel occlusion, resulting in stroke or heart attack. Cholesterol and cholesterol esters can also be transported as high-density lipoproteins (HDLs), which are returned to the liver for recycling and excretion. Thus, in contrast to LDL, high levels of HDL, or 'good cholesterol', have been linked to reduced risk of cardiovascular disease. Pathways that lower circulating cholesterol levels are therefore seen as attractive targets for the treatment of cardiovascular disease. Indeed, statins, the most common class of cholestero l-lowering drugs, target one of the rate-limiting enzymes in the production of cholesterol, namely hydroxymethylglutaryl CoA reductase. In addition, the LXR pathway is a potentially attractive target for improving cholesterol metabolism, as this pathway regulates a series of processes (including reverse cholesterol transport (FIG. 2) ) that promote the removal of cholesterol from the periphery to the liver.
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Bile acids Farnesoid X receptor FXR was originally named on the basis of the observation that farnesol is a ligand for this receptor, albeit at supraphysiological levels 57 . In subsequent years, it has become clear that FXR is more appropriately classified as a nuclear bile acid receptor
, as bile acids such as chenodeoxycholic acid (CDCA) and cholic acid have been found to be the endogenous ligands 4, 58 . FXR is expressed mainly in the liver, intestine, kidney and adrenal glands 57 . Low expression levels have been reported in the heart, adipose and vasculature, although the functional significance of the presence of the receptor is less clear in these tissues. Similarly to LXR, FXR forms a heterodimer with RXR to modulate expression of target genes (TABLE 2) , and the FXR-RXR heterodimer can also respond to ligands for RXR (FIG. 1b) . FXR-RXR binds to inverted repeat elements separated by one nucleotide (IR1), although other variations have been observed 59, 60 . In addition to inducing gene expression directly, FXR mediates the repression of a number of genes indirectly through the regulation of SHP 61, 62 (as discussed below) (TABLE 2) .
There are two FXR genes in mice, termed Fxr (also known as Nr1h4) and Fxrb (also known as Nr1h5). FXRβ is not a bile acid receptor and therefore will not be discussed further here. FXR exists in four isoforms that differ in their amino terminus and hinge region owing to alternative splicing and distinct promoters 63 (FIG. 1a) . One complicating factor in the study of FXR biology is that bile acids are also ligands for pregnane X receptor (PXR), constitutive androstane receptor (CAR; also known as NR1I3), vitamin D receptor (VDR) and the G proteincoupled receptor TGR5 (also known as GPBAR1). The fact that bile acids bind to several receptors highlights the importance of investigating the effects of bile acids in not only wild-type mice but also in FXR-deficient mice to determine the specificity of the effects. Indeed, FXRdeficient mice have greatly aided in studying the role of FXR in metabolism 64 .
FXR and bile acid metabolism. Broadly, FXR can be viewed as acting in a complementary and often reciprocal fashion to LXR in the control of lipid metabolism (FIG. 3) . As outlined below, FXR inhibits whereas LXR promotes bile acid production in mice, and the two receptors both modulate glucose and lipid metabolism in a tissue-selectiv e manner. High levels of bile acids are toxic to cells, and thus FXR has a crucial role in maintaining control of bile acid levels. Bile acids facilitate the efficient digestion and absorption of fats and cholesterol after a meal. In addition, formation of bile acids is a major pathway for cholesterol elimination from the body. Most bile acids are recycled via the enterohepatic circulation, passing from the intestine back to the liver, thereby reducing the requirement for de novo bile acid synthesis. FXR influences bile acid flux via various feedforward and feedback loops, modulating bile acid synthesis, modification, absorption and uptake. The absence of FXR in mice is associated with a number of severe pathologies, indicating that bile acid signalling through FXR is crucial for bile acid flux and metabolic homeostasis.
In the initial stages of bile acid production
, FXR engages a feedback loop that inhibits bile acid synthesis via SHP induction. SHP interacts with liver receptor homologue 1 (LRH1; also known as NR5A2) to form a heterodimer, resulting in repression of CYP7A1 and SHP itself, thus feedback limiting this axis 61, 62 . FXR mediates a similar inhibition of CYP8B1, which controls the ratio of cholic acid to CDCA, via SHP-mediated repression of hepatocyte nuclear factor 4α (HNF4α) 65 . Further studies have demonstrated that FXR also downregulates CYP7A1 via induction of a mouse fibroblast growth factor 15-JUN N-terminal kinase (FGF15-JNK) cascade (or FGF19-JNK cascade in humans) 66, 67 . Mouse FGF15 (or human FGF19) is secreted from the intestine and returns to the liver via the enterohepatic circulation to act on FGF receptor 4 (FGFR4) in the liver, providing a complementary mechanism for feedback inhibition of bile acid synthesis (FIG. 3) .
Bile acids are modified to form bile salts before release into the gall bladder. This amidation involves two enzymes, bile acid CoA synthase (BACS) and bile acid CoA-amino acid N-acetyltransferase (BAAT), and results in the conjugation of bile acid with taurine or glycine. Both of these enzymes are positively regulated by FXR 60 . Bile acids are secreted into the gall bladder by bile salt export pump (BSEP; also known as ABCB11) and multidrug resistance protein 2 (MDR2; also known as ABCC2), which are also both targets of FXR. ABCB4, which translocates phosphatidylcholine into bile, is also an FXR target. The importance of these enzymes is highlighted by the fact that loss-of-function mutations in their genes lead to cholestasis 68, 69 . Moreover, treatment with an FXR agonist reduces gall stone formation in mice 70 . Bile salts facilitate the absorption of dietary fat and fat-soluble vitamins in the small intestine. FXR inhibits the absorption of bile salts via modulation of several transport proteins. FXR-dependent downregulation of the apical sodium-dependent bile salt transporter (ASBT; also known as SLC10A2 or IBAT) has been shown to be mediated via SHP-dependent inhibition of LRH1 in mice 71 . FXR then promotes movement of bile salts from the apical to the basolateral membrane of enterocytes via the upregulation of ileal bile acid-binding protein (IBABP; also known as gastrotropin) 72 . Bile salts are released into the portal circulation for return to the liver via FXR-induced expression of the organic solute transporters OSTα and OSTβ 73 . Having reached the liver, bile salts are taken up by sodium taurocholate cotransporting polypeptide (NTCP; also known as SLC10A1) and organic anion transporting polypeptide (OATP; also known as SLCO1A2), both of which are negatively regulated by FXR, limiting hepatic bile salt levels. Finally, FXR induces the expression of various genes that modify bile acids to protect the liver from toxicity. FXRregulated genes include CYP3A4 and CYP3A11, which hydroxylate bile acids, as well as sulphotransferase 2A1 (SULT2A1) and UDP-glucuronosyltransferase 2B4 (UGT2B4), which sulphate and glucuronidate bile acids, respectively 59, 74 . In addition, FXR has been shown to protec t against drug-induced hepatotoxicity 75 . FXR, lipid and triglyceride metabolism. Deletion of FXR from mice uncovered the importance of this receptor for triglyceride metabolism. FXR-deficient mice exhibit marked hypercholesterolaemia, hypertriglyceridaemia and increased intestinal cholesterol absorption 64, 76 . This phenotype has been attributed to the ability of FXR to control the expression of several genes involved in lipoprotein metabolism. Triglyceride-rich lipoproteins transport hydrophobic lipids around the body. Triglycerides and cholesterol esters reside on the inside of the particles owing to their hydrophobic nature, whereas hydrophilic phospholipids remain on the surface, allowing the particles to circulate in the blood. VLDLs are produced in the liver, whereas chylomicrons are formed from dietary lipids in the intestine. As these lipoproteins circulate, they can interact with enzymes and proteins in the blood or at the cell surface, modifying the particles themselves. VLDLs and chylomicrons interact with LPLs via APOCII, resulting in the release of triclycerides from the particle and hydrolysis of the triclycerides into fatty acids. FXR positively regulates Apoc2 expression via two sites within the hepatic control region of the promoter, thus contributin g to lower triclyceride levels 77 . Feeding wild-type mice cholic acid increases APOCII expression and reduces triglycerides; however, these effects were not observed in Fxr-null mice 77 . APOCIII works in a converse manner to APOCII, as it inhibits LPL. Negative FXR-mediated regulation of Apoc3 may also contribute to decreased plasma triglyceride levels 78 . Finally, induction of Vldlr, Pltp and Apoe expression has also been associated with FXR activation and could further contribute to a reductio n in triclyceride levels 79, 80 . Activation of FXR has been shown to modulate lipogenic pathways. FXR reduces SREBP1C expression, which seems to occur via the induction of SHP, as it is not observed in Shp-null mice 81 . A recent study identified an IR1 site in the Fas promoter, suggesting that this gene is also a direct target of FXR 82 . In human cells, but not in mouse cells, FXR activation induces expression of peroxisome proliferator-activated receptor-α (PPARα) and its target genes, which is a pathway involved in fatty acid transport and oxidation 83 . Finally, FXR is induced by PPARγ co-activator 1α (PGC1α) both directly and indirectly via PPARγ and HNF4α 84 . PGC1α is known to regulate a group of genes associated with energy metabolism. Thus, FXRs seem to decrease triglyceride levels via multi ple mechanisms, including reducing lipogenesis and promoting increased uptake, catabolism and oxidation of triglycerides and fatty acids. Furthermore, the above-mentioned effects on lipo proteins may also contribute to the hypocholesterolaemi c effects of FXR agonists by promoting lipoprotein catabolis m and clearance.
Box 2 | Bile acid metabolism
Bile acids act as detergents, allowing the efficient digestion and absorption of lipids, cholesterol and fat-soluble vitamins after a meal. Furthermore, bile acids are the major form in which cholesterol is removed from the body. Bile acid production and circulation is tightly regulated via the farnesoid X receptor (FXR) pathway, with bile acids now recognized as the endogenous ligands for this nuclear receptor (FIG. 3) . Bile acids are produced primarily in the liver via the oxidation of cholesterol. The first step in this 'classical' pathway is the 7α-hydroxylation of cholesterol by the rate-limiting enzyme cytochrome P450 7A1 (CYP7A1). Alternative production can occur by 27-hydroxylase in the mitochondria of extra-hepatic tissues such as endothelial cells. Both pathways lead to formation of the most common bile acids in humans, which are cholic acid and chenodeoxycholic acid, via a subsequent series of enzymatic reactions. The final modification of bile acids before release from the liver is the conjugation of bile acids with taurine or glycine to form less toxic, more hydrophilic bile salts. These are then secreted into the gall bladder, where they are stored and concentrated. Bile salts are released from the gall bladder into the intestine following postprandial stimuli. Bile acids are recycled from the intestine back to the liver via the enterohepatic circulation, thereby reducing the requirement for de novo bile acid synthesis. Bile acid sequestrants are used clinically to lower cholesterol levels. By inhibiting bile acids from returning to the liver, these sequestering agents promote de novo bile acid synthesis, leading to lower plasma cholesterol levels. 
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↓ Bile acid hepatic uptake FXR and glucose metabolism. Another unexpected finding to emerge in recent years was that FXR exerts a substantial influence on hepatic carbohydrate metabolism. When energy demands are low, glucose can be converted to, and stored as, glycogen in a process known as glycogenesis. Alternatively, glucose can be converted to acetyl CoA, which can be used to generate fatty acids. When energy demands are high, stored glycogen is broken down to glucose. Glucose is catabolized to produce ATP through the process of glycolysis. Glucose can also be produced via the conversion of non-carbohydrate substrates, such as lactate and glycerol, through a process known as gluconeogenesis. Several studies have suggested that FXR activation lowers plasma glucose levels and downregulates the gluconeogenic programme, although conflicting results have been reported. A recent study demonstrated that treatment of isolated hepatocytes with an FXR agonist attenuated pyruvate kinase (Pklr), Acc and Spot14 expression 85 . Furthermore, the FXR agonist GW4064 repressed hepatic gluconeogenic genes such as glucose-6-phosphatas e (G6pc) and increased hepatic glycogen synthesis and glycogen content in diabetic mice 86 . These changes were associated with decreased plasma glucose, triglyceride and cholesterol levels and were not observed in Fxr-null mice. Moreover, decreased plasma glucose levels with a concomitant attenuation in gluconeogenic genes was observed when FXR was activated by cholic acid in wild-type but not in Fxr-null mice 87 . In general agreement with the effects of pharmacologic FXR activation, Fxr-null mice exhibit mild glucose intolerance and insulin insensitivity 86 . Other studies observed similar defects and demonstrated that fasted Fxr-null mice exhibit an age-dependent increase in plasma glucose levels 87 . Fasted Fxr-knockout mice also Farnesoid X receptor (FXR) mediates effects on multiple metabolic pathways in a tissue-specific manner. In the liver, FXR reduces conversion of cholesterol to bile acids by downregulating the expression of enzymes involved in bile acid synthesis, such as cytochrome P450 7A1 (CYP7A1) and CYP8B1. FXR also reduces bile acid toxicity in the liver by increasing other bile acid-modifying enzymes including sulphotransferase 2A1 (SULT2A1), UDP-glucuronosyltransferase 2B4 (UGT2B4) and CYP3A4. Bile acids are conjugated to either glycine or taurine before secretion into the bile; FXR enhances bile acid conjugation by increasing the expression of bile acid CoA synthase (BACS) and bile acid CoA-amino acid N-acetyltransferase (BAAT), and FXR promotes the transport of bile acids to the gall bladder via bile salt export pump (BSEP), multidrug resistance protein 2 (MDR2) and MDR3 (membrane transport proteins are depicted as ovals). Within the intestine, FXR reduces bile acid absorption via downregulation of the apical sodium-dependent bile acid transporter (ASBT), promotes bile acid movement across the enterocyte via ileal bile acid binding-protein (IBABP) and promotes recycling of bile acids to the liver via organic solute transporter-α (OSTα) and OSTβ. In addition, FXR reduces hepatic uptake of bile acids by reducing the expression of organic anion transporting polypeptide (OATP) and sodium taurocholate cotransporting polypeptide (NTCP). FXR also promotes the release of fibroblast growth factor 15 (FGF15) in mice or FGF19 in humans from the intestine. FGF15 or FGF19 travel to the liver, acting on FGF4 receptor (FGF4R) to reduce CYP7A1 expression and thus repress bile acid synthesis. In the liver, FXR also acts on glucose metabolism by reducing gluconeogenesis via the downregulation of phosphoenolpyruvate carboxykinase (PEPCK) and glucose-6-phosphatase (G6Pase), two key enzymes in the glucose synthesis pathway. Futhermore, FXR reduces lipogenesis via inhibition of sterol-regulatory element-binding protein 1C (SREBP1C) and fatty acid synthase (FAS).
db/db
The diabetic gene (db), transmitted as an autosomal recessive trait, encodes for a G-to-T point mutation of the leptin receptor, leading to abnormal splicing and defective signalling of the adipocyte-derived hormone leptin. db/db mice are obese and become hyperphagic soon on weaning.
exhibit increased plasma triglyceride, free fatty acid and cholesterol level s. Interestingly, these changes resulted in hepatic lipid accumulation and defective insulin signalling despite a compensatory upregulation in fatty acid transport in skeletal muscle. Studies have also demonstrated that Fxr-knockout mice have an enhanced response to refeeding, resulting in a rapid increase of glycolytic and lipogenic gene expression and earlier suppression of gluoneogenic genes. This response is associated with decreased plasma glucose and insulin levels and reduced hepatic glycogen content 85 . It has recently been reported that hepatic overexpression of a novel FXR target, aldo-keto reductase 1B7 (Akr1b7), a gene previously linked to detoxification, lowered plasma glucose levels and reduced expression of both gluconeogenic enzymes and lipogenic enzymes 86, 88 . Thus, it is possible that AKR1B7 is responsible for mediating at least some of the effects observed with FXR activation. Finally, recent studies on mouse FGF15 and human FGF19, which are defined FXR targets, have demonstrated that these growth factors inhibit hepatic gluconeogenesis in response to feeding via inhibition of cAMP regulatory element-binding protein (CREB) and downregulation of PGC1α 89 . Furthermore, FGF19 mediates insulin-independent effects on hepatic glycogen synthesis in the absence of effects on lipogenesis 90 . Therefore, it seems likely that some of the above-mentioned effects of FXR agonists may be mediated via FGF15 in mice and FGF19 in humans.
Nuclear receptors and metabolic disease
In Western society there is an increasing prevalence of type 2 diabetes and cardiovascular disease that presents a great burden in terms of both morbidity and cost. Before developing overt diabetes and cardiovascular disease, many individuals experience the metabolic syndrome, which is a collection of disturbances including insulin resistance, obesity and dyslipidaemia. One potential pharma ceutical benefit of targeting nuclear receptor pathways such as LXR and FXR is that they act on multi ple pathways involved in the metabolic syndrome. The effects of pharmacologic manipulation of the LXR and FXR pathways in obesity, diabetes and cardiovascular disease are discussed below.
LXR and FXR in obesity and diabetes.
With the advent of genome-wide association studies, several groups have reported potential connections between human LXR genes and obesity and diabetes. To date, however, the data are somewhat conflicting, and mechanistic links between specific genetic changes and human physiology remain to be established. As key metabolic tissues express both LXRα and LXRβ and the vast majority of the known LXR target genes respond to both receptors, it seems unlikely that even a complete loss of function in only one of the four LXR alleles would cause a dramatic phenotype. A recent study in individuals with type 2 diabetes identified a SNP in LXRβ, with the minor allele being associated with reduced pancreatic β-cell function. As pancreatic β-cells express LXRβ but not LXRα, it is understandable how an LXRβ polymorphism might have a functional effect in this cell type 91 . Some studies have suggested that SNPs in both LXRα and LXRβ are linked to obesity phenotypes 92, 93 , but others have not observed these associations 94 .
In murine models of obesity and diabetes, pharmacologic LXR activation has both beneficial and detrimental effects on pathways related to glucose metabolism and insulin sensitivity. It has been demonstrated that 1 week of treatment with the LXR agonist GW3965 was associated with a substantial improvement in glucose tolerance in mice fed a high-fat diet 52 . These effects were correlated with reduced hepatic glucose output and enhanced glucose uptake in adipose tissue 52 . Similar effects were observed in leptin-deficient ob/ob mice, with no change in hepatic glucose output but increased GLUT4 expression in fat 95 . GW3965 administration to rats on a highfat diet improved insulin suppression of free fatty acids, increased glucose infusion rate and reduced insulin suppression of glucose production; however, glucose uptake was not affected in this model 96 . Thus, short-term treatment with an LXR agonist seems to increase peripheral glucose disposal and improve glycaemic control despite hepatic steatosis.
Studies in adipose tissue have shown that LXR protects against tumour necrosis factor-α (TNFα)-induced insulin resistance, improving insulin signalling at the level of insulin receptor substrate 1 (IRS1) in human adipocytes 97 . Similar effects were observed in mouse primary brown adipocytes and were associated with improved translocation of GLUT4 to the plasma membrane 48 . Longer-term studies with LXR agonists and LXR-deficient mice will be required to more precisely define the tissue-specific contributions of LXR signalling to lipid and glucose homeostasis.
Modulation of bile acid metabolism improves glycaemic parameters in various animal models of obesity and in humans with type 2 diabetes, and this would suggest a potential role for FXR modulation in the treatment of these conditions [98] [99] [100] . Activation of FXR has been shown to reduce plasma glucose levels and improve insulin sensitivity in several models of obesity and diabetes 86, 101, 102 . In db/db mice, these changes were associated with repression of hepatic gluconeogenic enzymes and increased hepatic glycogen synthesis and glycogen content. By contrast, others have demonstrated that administration of GW4064 to diet-induced obese mice was associated with increased weight gain, glucose intolerance and decreased bile acid pool size. These effects were reversed by administration of bile acid in a dose-dependent manner 103 . It is likely that some of the insulin-sensitizing effects of FXR activation are independen t of bile acid metabolism.
Complementing studies with synthetic agonists, investigators have also examined the effect of Fxr deletion in models of obesity and diabetes 104 . There is conflicting evidence as to whether Fxr-knockout mice are insulin resistant or are insulin sensitized, and results have differed depending on the specific model used. In ob/ob mice, Fxr deletion was associated with reduced weight gain and improved insulin sensitivity. Despite a doubling of hepatic triglyceride content, only a small increase in the expression of lipogenic genes was observed along with decreased expression of genes involved in β-oxidation. Increased bile acid levels were observed in Fxr-knockout ob/ob mice, and normalization via bile acid sequestration did not restore glycaemic parameters to those of Fxr +/+ ob/ob mice, suggesting that changes in bile acid metabolism do not account for the FXR-associated change in glycaemia. Furthermore, in mice fed a high-fat diet, Fxr deletion protected from weight gain, hyperglycaemia, hyperinsulinaemia and glucose intolerance despite higher plasma triglyceride levels 104 . Interestingly, liver-specific deletion of Fxr in mice fed a high-fat diet did not protect from obesity or insulin resistance, suggesting a role for extra-hepatic FXR 104 .
LXR and FXR in atherosclerosis.
Agonists of both LXR and FXR exert anti-atherosclerotic effects in mouse models. LXR activation with GW3965 strongly attenuates atherosclerosis in the two most common modelsthe Apoe-null mouse and the Ldlr-null mouse 105 . Several subsequent studies have confirmed these findings using not only GW3965 but also other LXR agonists, and others demonstrated plaque regression with LXR agonist treatment 106, 107 . It has also been shown that treatment with an LXR agonist alters the cellular composition of atherosclerotic plaques, with reductions in inflammation and adhesion molecules and changes in fibrous cap thickness observed 105, 107 . In several reports, a beneficial effect of LXR activation on lesion development was observed in the absence of changes in plasma lipid levels. These observations are consistent with the idea that LXR activation promotes lipid movement from peripheral cells back to the liver for excretion through the RCT pathway. In addition, it has been suggested that flux through the RCT pathway can occur without marked changes in static plasma lipid levels 105, 106, 108 . Loss-of-function studies have also clearly demonstrated that LXR expression is required for whole-body cholesterol homeostasis. When maintained on a normal chow diet, which contains very little cholesterol, mice lacking both LXRs develop foam-cell-rich atherosclerotic lesions 109 . When challenged with hypercholesterolaemia, mice lacking LXRs exhibit massive peripheral cholesterol accumulation and markedly accelerated atherosclerosis 110 . Bone marrow transplant studies have revealed the importance of macrophage LXR expression in lesion development. Transfer of LXRα-and LXRβ-deficient marrow into Ldlr-null recipients strongly promotes atherosclerosis 111 . Conversely, macrophage-specific overexpression of LXRα attenuates atherosclerosis 112 . Mice deficient in bone marrow LXR expression are only partially refractory to the beneficial effects of LXR agonist treatment 106 , suggesting that tissues other than bone marrow are likely to contribut e to their anti-atherogenic effects 113 . Given the role of LXRα in promoting hepatic lipogenesis and hypertriglyceridaemia, drug development strategies have focused on LXRβ-selective agonists. An important question then is, whether activation of LXRβ alone is sufficient to inhibit atherogenesis. Our laboratory demonstrated that activation of LXRβ in Lxra and Apoe double-knockout mice did indeed attenuate atherosclerosis, even in the absence of increased triglyceride levels 110 . Subsequent studies in Ldlr-deficient mice have revealed that whole-body deletion of Lxra strongly promotes atherogenesis but Lxrb deletion does not 113 . The basis for this difference is not yet clear but is likely to involve a preferential role for LXRα in hepatic or intestinal cholesterol metabolism.
The FXR pathway has been less well studied in the context of atherosclerosis. Nevertheless, interesting connections have been uncovered. In particular, effects of FXR on atherosclerosis in mice appear to be genderspecific. Despite the fact that Fxr-null mice exhibit a pro-atherogeni c lipid profile (such as increased VLDL and LDL levels), these mice do not develop atherosclerosis on a Western diet 64, 114 . Analysis of Fxr-deficient, Apoe-null and Ldlr-null mice has yielded mixed results. Male Fxr-and Ldlr-deficient mice were reported to have reduced plasma LDL and HDL levels and reduced atherosclerosis compared to Ldlr-deficient mice 114 . By contrast, female Fxr-and Ldlr-deficient mice demonstrated increased plasma cholesterol but no change in lesion area. Fxr-and Apoe-deficent mice fed a Western diet showed elevated plasma cholesterol and a twofold increase in lesions compared to Apoe-null mice 115 . However, female Fxr-and Apoe-deficient mice showed increased total cholesterol but reduced lesion area 116 . Some of these genderassociated differences may be accounted for by variation in methods or by differences in the genetic background of the mice used.
Although limited, the data demonstrating an antiatherogenic effect of pharmacologic FXR activation are more consistent [117] [118] [119] . A comprehensive study using the FXR agonist WAY-362450 was performed, demonstrating that FXR activation in Ldlr-null or Apoe-null mice was associated with decreased non-HDL cholesterol and markedly reduced lesion formation in both male and female mice 118 . Similar studies were performed in Shp-and Ldlr-deficient mice and Shp-and Apoe-deficient mice to investigate the contribution of the key FXR target gene Shp to this effect 118 . Interestingly, reductions in lesion area and non-HDL cholesterol were only observed in male mice. In addition to showing that some of the anti-atheroslerotic effects of FXR are SHP-independent, these studies further confirm gender differences in the FXR pathway, at least in mice.
Conclusions and perspectives LXR and FXR were initially characterized as nuclear regulators of cholesterol and bile acid homeostasis, respectively. However, metabolic pathways are highly integrated and therefore perturbations to one pathway may provoke compensatory or complementary responses from another pathway. Therefore, it is not surprising that LXR and FXR are now recognized to influence numerous aspects of physiology. In addition to controlling sterol metabolism, LXR modulates fatty acid and carbohydrate metabolism in tissues such as liver, adipose and skeletal muscle. Similarly, FXR mediates effects on these pathways in addition to its well-known regulation of bile acid homeostasis. Thus, the LXR and FXR pathways have the potential to become pharmaceutical targets for the treatment of metabolic disorders including diabetes and obesity, as well as atherosclerosis. However, further studies are required to delineate the tissue-specific effects of the LXR and FXR pathways in order to eliminate potential side effects. In addition, a more detailed understanding of the mechanisms underlying the effects of LXR and FXR agonists in various cell types may allow the development of agonists with selective effects on beneficial metabolic pathways.
